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均为 10 nm 且粒径分布均一；杂质含量少，纯度较高，达 99.89%以上； Fe3O4，
OA-Fe3O4 和 C-Fe 纳米颗粒 Zeta 电位分别为：14.4，4.7 和 23.4 mV。 
2.通过倒置显微镜及 TEM 观察显示：三种磁性纳米颗粒与细胞共培养 6 h，
即可通过胞吞作用进入 BEL-7402 细胞，并以团块的形式聚集在细胞溶酶体内。
0.5 mg/mL 处理 24 h，细胞出现线粒体肿胀（峭减少或消失）、细胞核染色质凝
集、凋亡小体形成等典型凋亡症状。 
3.WST-1 和 MTT 结果显示：WST-1 方法更适合于磁性纳米材料的细胞毒检
验。三种磁性纳米颗粒对细胞活性的影响存在剂量依赖关系。细胞增殖抑制作用


























失、细胞质 Bax 和线粒体细胞色素 C 蛋白表达以及 Caspase-3 活性改变。结果表



























As nanotechnology and materials science has progressed incredibly swiftly, 
nanomaterials have been widely applied in many fields. Due to their multifunctional 
properties, magnetic nanoparticles (MNPs) are explored for various applications such 
as biomedicine, industry, agriculture, military。Along with the expanding applications 
of MNPs, the potential toxic effects of MNPs have been widely concerned。 
In the present study, human hepatoma BEL-7402 cell line was selected as the 
model specimen for cytotoxic assessment, and the aim was to evaluate the 
cytotoxicity of Fe3O4, oleic acid-coated Fe3O4 (OA-Fe3O4), and carbon-coated 
Fe(C-Fe), and further elucidate molecular mechanism and the apoptosis pathway. The 
main contents and results are as follows: 
(1) Three types of MNPs were characterized by TEM, XRD, XPS, FTIR and 
Zeta-potential analysis. The results revealed that the sizes of all three MNPs were 10 
nm, the purity were great than 99.89%, the surface charge of Fe3O4, OA-Fe3O4, and 
C-Fe were 14.4 mv, 4.5 mv and 23.4 mv, respectively. 
(2) TEM images results showed that all three kinds of MNPs were incorporated 
into BEL-7402 cells after 6 h incubation. Lysosomes containing MNPs and swollen 
mitochondria with lysing cristae were present in MNPs treated cells after 24 h 
incubation at 0.5 mg/mL of concentration. Some cells showed chromatin 
condensation, typical of apoptotic cell death, and plenty of cytoplasmic vacuoles. 
(3) WST-1 and MTT results showed that WST-1 was further right down 
cytotoxicity assay in the nanotoxicity stydy. WST-1 assay demonstrated that the 
cytotoxicity of three types of MNPs was in a dose-dependent manner. Moreover, the 
cytotoxic effects of MNPs would be: C-Fe > Fe3O4 > OA-Fe3O4, in the same 
concentration. The cytotoxicity is very likely caused by surface charge of MNPs. 
Cellular proliferation moved forwards polarization direction with the extending time. 
















(4) G1 (Fe3O4 and OA- Fe3O4) phase and G2 (C-Fe) phase cell arrests and 
apoptosis induced by MNPs were detected by flow cytometry analysis. The 
mechanism of C-Fe MNPs on the cell cycle might be different with that of Fe3O4, and 
OA-Fe3O4 MNPs. With the increase of incubation time, The cells with a litter damage 
which successfully repair the damage will re-enter the cell cycle, and those with 
massive damage will not be able to repair the DNA effectively and undergo apoptosis. 
(5) To further elucidate the apoptosis pathway, the mitochondrial membrane 
potential, the Bax and Cytochrome C protein expression, and Caspase-3 activity were 
investigated. The results revealed that all three types of MNPs can induce the Bax 
over-expression. High level of Bax can translocate to the outer mitochondrial 
membrane and inserts into it. Then, Bax forms oligomers that are thought to be 
important in the formation of the mitochondrial permeability transition pore (MPTP). 
The opening of the MPTP can lead to the loss of mitochondrial membrane potential 
(MMP) and a release of Cytochrome C from mitochondria into cytosol. Once released 
from the mitochondria. Cytochrome C combines with procaspase-9 to form the 
“apoptosome”, which further activates Caspase-3. 
(6) To sum up, our results indeed suggested that all three types of MNPs can 
induce apoptosis in BEL-7402 cells through mitochondria-dependent pathway. 
Moreover, the influence potency of MNPs on the mitochondria-dependent apoptosis 
would be: C-Fe＞Fe3O4＞OA-Fe3O4, and all in a dose-dependent manner. This trend 
was consistent with results shown in WST-1, cell cycle and apoptosis assay. 
Key words: magnetic nanoparticles; cytotoxicity; apoptosis; cell cycle; 
























的物质称为纳米材料（nanomaterial），如直径为 1-100 nm 的纳米线，厚度为 1-100 






为下一代信息的核心。美国国会 2003 年通过预算方案决定在未来 3 年投资 2316
亿美元用于包括纳米材料的纳米技术研究和开发。欧盟计划在 2002-2006 的 4 年
间拨款 13 亿欧元用于纳米方面的研究。我国也高度重视纳米科技及材料的发展，
在国家纳米科技工作会议上提出了纳米科技的发展计划，并在各个科技项目如
973 和 863 申报上给予纳米方面课题极大的资金资助，同时鼓励社会投入，目前










































































了 Fe 及其氧化物外，Fe、Co、Ni 等的氧化物或氮化物也具有磁性，并可根据实
际情况适当掺入其他金属，如 Mn、Zn、Mg 等来调节磁性材料的磁学、光学等
性质。因此磁性纳米材料就是纳米尺寸下这些物质的统称。其中磁性纳米颗粒








































Zhang D 等发现，粒径为 15 nm 的 C-Fe 磁性纳米材料对污水中 Cr（VI）显示出
很强吸附能力，通过 C-Fe 外层碳壳的物理吸附作用能将超过 95%的 Cr（VI）清
除出去，远远大于 Fe 纳米颗粒的吸附能力[12]。同样的研究也发现，C-Fe3O4 磁
性纳米材料中[13]。Y. F. Shen 等研究发现，Fe3O4 磁性纳米颗粒对水处理也具有一
定的净化能力，并且随着粒径的减小，对水中金属离子如 Ni (Ⅱ) 、Cu (Ⅱ) 、
Cd (Ⅱ) 和 Cr (Ⅵ) 等的清除能力不断增加，其原因可能和粒径减少而比表面积
增大有关。同时 Fe3O4 磁性纳米颗粒的吸附能力还与水环境的 PH 值及环境温度



































成间隙为 5.7 μm 的磁柱结构，并结合脉冲电场琼脂糖电泳方法，成功地在 15 min
内实现了 γ-DNA 与两 DNA 碎片的分离[22]。通过这种方法能将近 100kbp 的 DNA
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